INTRODUCTION
Low CP (2 to 4% reduction) diets supplemented with the first 4 limiting AA, namely, lysine (Lys), methionine (Met), threonine (Thr), and tryptophan (Trp), can be fed to pigs without affecting performance (Kerr et al., 2003; Deng et al., 2007b; Roux et al., 2011) , while reducing the cost of feed (Kerr et al., 1995) and the total amount of nitrogen excreted into the environment (Deng et al., 2007a; Prandini et al., 3), and 94-to 119-kg (Exp. 4) pigs fed low CP diets supplemented with crystalline AA. The first 3 experiments utilized 150 pigs (Duroc × Landrace × Large White), while Exp. 4 utilized 90 finishing pigs. Pigs in all 4 experiments were randomly allocated to 1 of 5 diets with 6 pens per treatment (3 pens of barrows and 3 pens of gilts) and 5 pigs per pen for the first 3 experiments and 3 pigs per pen for Exp. 4. Diets for all experiments were formulated to contain SID Val to Lys ratios of 0.55, 0.60, 0.65, 0.70, or 0.75. In Exp. 1 (26 to 46 kg), ADG increased (linear, P = 0.039; quadratic, P = 0.042) with an increasing dietary Val:Lys ratio. The SID Val:Lys ratio to maximize ADG was 0.62 using a linear broken-line model and 0.71 using a quadratic model. In Exp. 2 (49 to 70 kg), ADG increased (linear, P = 0.021; quadratic, P = 0.042) as the SID Val:Lys ratio increased. G:F improved (linear, P = 0.039) and serum urea nitrogen (SUN) decreased (linear, P = 0.021; quadratic, P = 0.024) with an increased SID Val:Lys ratio. The SID Val:Lys ratios to maximize ADG as well as to minimize SUN levels were 0.67 and 0.65, respectively, using a linear broken-line model and 0.72 and 0.71, respectively, using a quadratic model. In Exp. 3 (71 to 92 kg), ADG increased (linear, P = 0.007; quadratic, P = 0.022) and SUN decreased (linear, P = 0.011; quadratic, P = 0.034) as the dietary SID Val:Lys ratio increased. The SID Val:Lys ratios to maximize ADG as well as to minimize SUN levels were 0.67 and 0.67, respectively, using a linear broken-line model and 0.72 and 0.74, respectively, using a quadratic model. In Exp. 4 (94 to 119 kg), ADG increased (linear, P = 0.041) and G:F was improved (linear, P = 0.004; quadratic, P = 0.005) as the dietary SID Val:Lys ratio increased. The SID Val:Lys ratio to maximize G:F was 0.68 using a linear broken-line model and 0.72 using a quadratic model. Carcass traits and muscle quality were not influenced by SID Val:Lys ratio. In conclusion, the dietary SID Val:Lys ratios required for 26-to 46-, 49-to 70-, 71-to 92-, and 94 -to 119-kg pigs were estimated to be 0. 62, 0.66, 0.67, and 0.68, respectively, using a linear broken-line model and 0.71, 0.72, 0.73, and 0.72, respectively, using a quadratic model. 2013) . A further reduction in the CP concentration of the diet necessitates that the requirements for the next few limiting AA such as valine (Val), isoleucine (Ile), or histidine (His) be known.
The requirements for essential AA are most often expressed relative to that of Lys on a standardized ileal digestible (SID) basis. When determining AA requirements, it is essential that the Lys supply in the diet be suboptimal (second limiting) after the AA under study (Boisen, 2003) . We have determined the requirement for SID Lys to be 1.02% for 20-to 50-kg pigs , 0.86% for 50-to 70-kg pigs (Zhu, personal communication), 0.75% for 70-to 100-kg pigs , and 0.61% for 90-to 120-kg pigs (Ma et al., 2015) . Figueroa et al. (2003) concluded that Val was the next limiting AA after Lys, Met, Thr, and Trp in cornsoybean meal-based diets fed to growing pigs. Much of the literature on the Val requirement summarized by NRC (2012) focused on weaned piglets. However, research on the requirements for Val for growing and finishing pigs is scarce and the results vary among the different studies (Lewis and Nishimura, 1995; Gaines et al., 2011; Waguespack et al., 2012) . Therefore, the aim of this study was to evaluate the SID Val:Lys ratio required for growing and finishing pigs fed low CP diets supplemented with crystalline AA.
MATERIALS AND METHODS
All animal procedures used in these experiments were approved by the Institutional Animal Care and Use Committee of China Agricultural University (Beijing, China).
Experimental Design and Diets
The experimental pigs (Duroc × Landrace × Large White; Hypor Breeding Company, Regina, Canada) were raised at the Swine Nutrition Research Centre of the National Feed Engineering Technology Research Centre (Chengde, Hebei Province, China) and were obtained in 4 separate batches with 1 batch used for each study. The pigs were housed in 2.4-by 1.8-m pens with a partially slatted concrete floor. Each pen was equipped with a stainless steel feeder and a nipple drinker. Feed and water were provided ad libitum. All experiments lasted 28 days. Pigs in all the experiments were randomly allocated to 1 of 5 diets based on BW and sex with 6 pens per treatment (3 pens of barrows and 3 pens of gilts) and 5 pigs per pen for the first 3 experiments and 3 pigs per pen for Exp. 4.
The experimental diets were formulated using corn, soybean meal, and wheat bran supplemented with crystalline AA. The analyzed nutrient composition of the test ingredients are shown in Table 1 . The SID Met + cystine (Cys), Thr, Trp, and Ile to Lys ratios were set to meet or exceed the recommendations of NRC (2012). The SID AA content of the experimental diets were calculated by multiplying the analyzed AA content of the ingredients (corn, soybean meal, and wheat bran) by the SID coefficients of the ingredients obtained from NRC (2012) and summing the results. The CP contents were 13.3, 10.8, 9.2, and 8.3% for Exp. 1 to 4, respectively.
The levels of SID Lys for the current study were set at 0.90, 0.73, 0.61, and 0.51% for 25-to 50-, 50-to 70-, 70-to 90-, and 90-to 120-kg pigs, respectively, values which are about 10 to 20% lower than the requirements for SID Lys previously obtained by our lab of 1.02, 0.86, 0.75, and 0.61% for 20-to 50-, 60-to 80-, 70-to 100-, and 90-to 120-kg pigs, respectively (Zhang et al., 2012; Zhu, personal communication; Xie et al., 2013; Ma et al., 2015) . The genotype of the pigs used in these previous studies was the same as that in the present experiment (Duroc × Landrace × Large White; Hypor).
Pigs were weighed on d 0 and 28 to calculate ADG. A weighed amount of feed was added to the feeders twice daily and the amount of feed added was recorded and summed to determine feed intake for the 28-d experiment. This value was divided by 28 to determine ADFI. G:F was then calculated from ADG and ADFI.
For the determination of serum urea nitrogen (SUN) and serum AA concentrations, blood was collected from 1 pig per pen via the jugular vein into 10-mL heparin-free vacutainer tubes (Becton Dickinson Vacutainer Systems, Franklin Lakes, NJ) on d 28 following an overnight fast. Samples were centrifuged (Biofuge22R; Heraeus, Hanau, Germany) at 3,000 × g for 10 min, and the serum was kept at −80°C until analyzed.
Experiment 1 was conducted to determine the dietary SID Val:Lys ratio required for early growing pigs (26 to At the end of Exp. 4 (d 29), 1 pig per pen (3 gilts and 3 barrows per treatment) was selected for slaughter to measure carcass traits and meat quality at a pen mean weight of approximately 118 kg. Pigs were killed after an overnight fast under commercial conditions at the Beijing YuHang Meat Processing Facility (Beijing, China). Hot carcass weight was recorded immediately following slaughter. Dressing percentage was determined as HCW divided by live weight. Carcass length was measured from the anterior end of the symphysis pubis to the cranial edge of the first rib adjacent to the thoracic vertebra. The carcass was split and then cut between the 10th and 11th rib to measure longissimus dorsi muscle area, fat depth, as well as 45-min and 24-h pH (hand-held pH meter, Model 2000; VWR Scientific Products Company, South Plainfield, NJ). Carcass fatfree lean gain was calculated according to the equation of the National Pork Producer's Council (NPPC, 1994) . Longissimus dorsi muscle marbling was determined according to NPPC (1994) guidelines, and CIELAB L* (lightness), a* (redness), and b* (yellowness) color were determined using a colorimeter (chroma meter CR-410; Minolta, Tokyo, Japan). Drip loss was determined by hanging a loin section (100 g) in an inflated and closed plastic bag for 24 h at 4°C (King et al., 2000) .
Chemical Analysis
All chemical analyses were conducted according the methods of the AOAC (2003). Analysis of the CP content of the ingredients and experimental diets (Table 2) was conducted according to AOAC Method 978.04 (AOAC, 2003) . For the analysis of most AA, ingredients and diets were hydrolyzed in 6 N HCl at 110°C for 24 h (AOAC Method 999.13; AOAC, 2003) . Total sulfur AA content was determined after performic acid oxidation followed by acid hydrolysis (AOAC Method 985.28; AOAC, 2003) , and Trp content was determined after alkaline hydrolysis (AOAC Method 988.15; AOAC, 2003) . AA analysis was conducted by high performance liquid chromatography (L-8800 AA Analyzer; Hitachi, Tokyo, Japan).
Serum AA contents were determined by ion-exchange chromatography (S-433D amino acid analyzer; Sykam, Eresing, Germany) as described by Sedgwick et al. (1991) . Serum urea nitrogen content was determined using a blood urea nitrogen color test kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Statistical Analysis
All data were subjected to the process of HOVTEST and the PROC UNIVARIATE NORMAL for the analysis of homogeneity of variance and normal distribution. The data were then subjected to ANOVA using the MIXED Procedure of SAS (SAS Inst. Inc., Cary, NC) with pen as the experimental unit. The model included diet and sex as fixed effects and replicate as a random effect. Polynomial contrasts were conducted to determine linear and quadratic effects of increasing SID Val:Lys ratios. An alpha level of P < 0.05 was the criterion for statistical significance. The data were analyzed by broken- Table 2 . Ingredient and calculated and analyzed nutrient composition of the experimental diets used to determine the standardized ileal digestible (SID) valine (Val) to lysine (Lys) ratio required for 25-to 120-kg pigs (% as-fed) (Robbins et al., 2006) . For this analysis, experiment was classed as a random effect
RESULTS

Experiment 1
Increasing the dietary SID Val:Lys ratio increased ADG (linear, P = 0.039; quadratic, P = 0.042) ( Table 3 ). The G:F showed a tendency to improve as the SID Val:Lys ratio increased (linear, P = 0.064). Serum urea nitrogen was not affected by increasing dietary SID Val:Lys ratio. Serum Val increased linearly (P < 0.001) and quadratically (P < 0.001) with increasing dietary SID Val:Lys ratio (Table 4 ). Other AA, except Arg, His, Phe, and Thr, were also changed linearly and quadratically (P < 0.05) by an increase in SID Val:Lys ratio.
In this experiment, only ADG was used for model analysis, as it was the only parameter linearly and quadratically increased due to an increase in dietary SID Val:Lys ratio. Using a linear broken-line model, the dietary SID Val:Lys ratio for maximum ADG was 0.62 ( Fig. 1) . Based on a quadratic model, the SID Val:Lys ratio for maximum ADG was 0.71 (Fig. 1) . 
Experiment 2
There were linear (P = 0.021) and quadratic (P = 0.042) increases in ADG as the dietary SID Val:Lys ratio increased (Table 5 ). An improved G:F (linear, P = 0.039) was also achieved by increasing the SID Val:Lys ratio. With increasing Val supply, SUN decreased linearly (P = 0.021) and quadratically (P = 0.024). Serum Val increased linearly and quadratically (P < 0.001) with an increasing dietary SID Val:Lys ratio. Serum Leu (quadratic, P = 0.041) and Pro (linear, P = 0.001; quadratic, P = 0.001) decreased with an increasing dietary SID Val:Lys ratio (Table 6 ).
The dietary SID Val:Lys ratios to maximize ADG and minimize the SUN of 49-to 70-kg growing pigs determined using a linear broken-line model were 0.67 and 0.65, respectively. Using a quadratic model for ADG and SUN, the SID Val:Lys ratios to maximize ADG and minimize the SUN of 49-to 70-kg growing pigs were 0.72 and 0.71, respectively (Figs. 2 and 3 ).
Experiment 3
There was a linear (P = 0.007) and quadratic (P = 0.022) improvement in ADG with increasing SID Val:Lys ratio. Serum urea nitrogen was decreased significantly (linear P = 0.011; quadratic, P = 0.034) by supplementing the basal diet with more Val (Table 7) . No significant difference was observed for G:F. Serum Val was increased (linear and quadratic, P < 0.001) by increasing SID Val:Lys ratio. Other serum AA, with the exception of Arg, Ile, Thr, and Pro, changed linearly and quadratically (P < 0.05) with increasing SID Val:Lys (Table 8) .
Estimates of the SID Val:Lys requirement based on ADG are shown in Fig. 4 . The breakpoint for ADG occurred at 0.67 SID Val:Lys with a maximum quadratic requirement of 0.72 SID Val:Lys. To minimize SUN, the breakpoint occurred at 0.67 SID Val:lys, and the quadratic requirement was 0.74 SID Val:Lys (Fig. 5) .
Experiment 4
The addition of Val increased ADG in pigs fed 0.55 to 0.75 SID Val:Lys (linear, P = 0.041) ( Table 9 ). There were linear (P = 0.004) and quadratic (P = 0.005) improvements in G:F with increasing SID Val:Lys. Serum urea nitrogen and ADFI were not affected by SID Val additions. Serum Val increased linearly (P = 0.033) and quadratically (P < 0.001) with dietary Val addition. With the exception of serum His, Ile, Trp, and Thr, all AA changed quadratically (P < 0.05) as the dietary SID Val:Lys ratio increased (Table 10) . Carcass traits and muscle quality were not influenced by dietary SID Val:Lys ratio (Table 11) .
For Exp. 4, only G:F was used for model analysis, as it was the only parameter to change linearly and quadratically. Using a linear broken-line model and a quadratic model, estimation of the required SID Val:Lys based on G:F were 0.68 and 0.72, respectively (Fig. 6) .
Based on the response criteria of ADG, the pooled Val estimate for the first 3 experiments was 0.66 by a linear broken-line analysis of NLMIXED procedure (Fig. 7) . Overall, the dietary SID Val:Lys ratios required for 26-to 46-, 49-to 70-, 71-to 92-, and 94-to 119-kg pigs were 0.62, 0.66, 0.67, and 0.68, respec- (Fig. 8) .
DISCUSSION
In addition to crystalline Lys, Met, Thr, and Trp, the availability of other crystalline AA, like Val, Ile, and His, can allow the dietary CP supply to be further reduced while ensuring an adequate supply of all essential AA (Gaines et al., 2011) . However, information concerning the requirement for these AA needs to be known before achieving this goal. The Val requirement in weaned pigs fed complex highly digestible diets has been determined (Barea et al., 2009; Wiltafsky et al., 2009b; Gloaguen et al., 2011) . However, there is limited data regarding the Val requirement for growing and finishing pigs.
The aim of the present study was to determine the SID Val:Lys ratios required for growing and finishing pigs. The impact of nutrient intake during early stages of growth on subsequent nutrient utilization, growth and body composition needs to be addressed. In order to avoid the possible compensatory growth effect of AA during successive growth stages (Fabian et al., 2004; Reynolds and O'Doherty, 2006) , the pigs used in the 4 experiments reported herein were obtained from 4 different batches.
If the AA requirements of pigs are to be expressed relative to that of Lys, it is necessary to generate basal diets in which Lys is the second limiting AA after the AA under study (Boisen, 2003) . Research done by our group reported that SID Lys values marginally limiting for 20-to 50-, 50-to 70-, 70-to 100-, and 90-to 120-kg pigs were 0.90, 0.73, 0.61, and 0.51%, respectively (Zhang et al., 2012; Xie et al., 2013; Ma et al., 2015) , which are about 10 to 20% below the current NRC (2012) recommendations of 0.98, 0.85, 0.73, and 0.61% for 25-to 50-, 50-to 75-, 75-to 100-, and 100-to 130-kg pigs.
To generate a strong response to the increasing SID Val:Lys ratios, it was necessary to create basal diets largely deficient in Val, with Lys being the second limiting thereafter. A basal SID Val:Lys ratio of 0.55 was chosen for the 4 experiments. This low basal Val content was achieved by substituting part of the soybean meal in the diet with corn and wheat bran in the diets for Exp. 1 and 2 and formulating diets without soybean meal for Exp. 3 and 4. In this study, the CP contents were about 13.3, 10.8, 9.2, and 8.3% for the 4 experiments. Crystalline Met, Thr, Trp, and Ile were also supplemented in the diets to meet the requirement of growing pigs. In order to estimate the required SID Val:Lys ratio more precisely, interactions among the branched-chain AA (BCAA) need to be carefully considered. The 3 BCAA have similar chemical structures and compete for the same enzymes that catalyze the first 2 catabolic steps, namely, aminotransferase and the branchedchain keto-acid dehydrogenase complex (Langer and Fuller, 2000) . A high dietary Leu level might increase the catabolism of all BCAA and increase the nutritional need for Ile and Val (Wiltafsky et al., 2010) .
Many studies have demonstrated that Leu can stimulate protein synthesis and inhibit protein degradation in skeletal muscle through the mammalian target of rapamycin signal pathway (Escobar et al., 2005; Yin et al., 2010) . However, several studies have shown depressed performance due to excess dietary Leu (Harper et al., 1984) . Millet et al. (2015) reported that an excess of dietary Leu can depress feed intake and performance in piglets, but this effect can be largely counteracted by adding extra Val to the diet. Because of greater corn inclusion, which contains higher amounts of Leu, it is difficult to control the SID Leu:Lys ratio at the level recommended by NRC (2012). The SID Leu:Lys ratios were 1.13, 1.23, and 1.28 for the first 3 dose-response studies, which were formulated not to be in great excess for Leu (i.e., <1.30) as mentioned by Htoo et al. (2014) . The SID Leu:Lys ratio in Exp. 4 was about 1.38, which is relatively high and may have influenced the Val requirement for older finishing pigs. However, research done by Gloaguen et al. (2011) found that a large supply of Leu may not affect the Val requirement per se but may aggravate the consequences of Val deficiency.
To date, few empirical studies have been conducted to determine the SID Val:Lys ratios required for growing and finishing pigs. Gaines et al. (2011) concluded that the SID Val:Lys ratio for 21.4-to 32.6-kg growing pigs was approximately 0.65 based on a linear broken-line model and using growth performance as the response criteria. Waguespack et al. (2012) 25-to 50-, 50-to 75-, 75-to 100-, and 100-to 130-kg pigs, respectively. However, when using a quadratic model, the dietary SID Val:Lys ratios required for 26-to 46-, 49-to 70-, 71-to 92-, and 94-to 119-kg pigs were 0.71, 0.72, 0.73, and 0.72, respectively, which are slightly higher than the current NRC (2012) recommendations. This discrepancy may be due to the fact that the estimate at 100% of the maximum response of a quadratic model usually overestimates the requirement (Baker, 1986) . Another reason may be that the NRC requirements are model derived and the committee's estimates for minimum requirements are reported without a margin of safety. Based on the linear broken-line model estimates, the present study showed that the SID Val:Lys ratio increased slightly as the BW of pigs increased, but the linear relationship was not significant using an equation of Waguespack et al. (2012) also showed that there is no evidence of a linear relationship between SID Val:Lys and BW for early growing pigs (14.4 to 27 kg), which means the SID Val:Lys does not change as BW increases. In accordance with this, the quadratic model estimates in the present study showed little change in the SID Val:Lys requirement with increased BW. In the present study, the SID Val:Lys ratio was determined using linear broken-line and quadratic models by means of dose-response studies in which the response criteria were ADG, G:F, and SUN. However, the requirement was better estimated using the quadratic model than the linear broken-line model. In accordance with this result, both Gaines et al. (2011) , in estimating the SID Val:Lys ratio of 13-to 32-kg pigs, and Xie et al. (2014) , in estimating the SID Trp:Lys ratio of finishing barrows, found that the requirements were higher using a quadratic model than a linear broken-line model.
The linear broken-line model assumes a constant efficiency of AA utilization below the break-point where the efficiency is a linear function of the nutrient supply below the plateau (Gahl et al., 1994) . However, linear broken-line regression presumes that the response to a nutrient dose is linear while it generally is not linear because the rate of change due to the nutrient dose decreases as the nutrient dose approaches its requirement. For some data sets, a linear broken-line model will underestimate the requirement in that it represents the average animal in the population (Baker, 1986 ). The quadratic model is easy to fit to data (only 3 input levels are needed for quadratic responses) and can easily fit the increases and decreases in performance (Pesti et al., 2009) . However, most nutritional responses are believed to have a plateau or "safe" level between the requirement for response levels and levels that are toxic, whereas a quadratic model does not characterize the nutrient response data. Moreover, an estimate at 100% of the maximum response of a quadratic model usually overestimates the requirement (Baker, 1986) . The difference in requirements estimated by the 2 models as well as the difference between the response criteria illustrate that the actual requirement for an AA should be interpreted with caution.
Serum AA can be used to validate estimates determined using performance data (Wiltafsky et al., 2009a) . In a typical AA dose-response study, serum AA should decrease as the limiting AA is increased and approaches the pig's requirement (Lewis et al., 1980) . In the current study, the lowest serum AA were achieved when the SID Val:Lys ratios were 0.65, 0.70, 0.70, and 0.65 for 26-to 46-, 47-to 70-, 71-to 92-, and 94-to 119-kg pigs, respectively, values very close to the requirements determined using performance criteria. These decreased serum AA may result from increased protein synthesis, as greater amounts of the limiting AA (Val) are provided in the diet. Serum Val was increased by increasing the SID Val:Lys ratio in all 4 experiments, which is in accordance with Wiltafsky et al. (2009b) , who showed that the serum concentration of limiting AA should remain relatively low until the requirement is met and then increase (Loughmiller et al., 1998) .
The SUN concentration can be an indirect indicator of the AA balance in the diet, as a lower SUN indicates a reduced need for deamination and improved AA balance in the diet (Htoo et al., 2014) . Therefore, SUN has been used as a rapid response criterion to estimate AA requirements of pigs (Coma et al., 1995; Xie et al., 2014) . The SID Val:Lys ratios estimated in Exp. 2 and 3 using SUN as the response criterion were similar to those estimated using ADG as the response criteria, which means that SUN can be used as a subsidiary criteria for the prediction of the Val requirement in growing and finishing pigs.
In conclusion, we estimate the dietary SID Val:Lys ratios required for 26-to 46-, 49-to 70-, 71-to 92-, and 94-to 119-kg pigs to be 0.62, 0.66, 0.67, and 0.68, respectively, using a linear broken-line model and 0.71, 0.72, 0.73, and 0.72, respectively, using a quadratic model.
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